The present study aimed to determine the tissue-specific robustness of fatty acid (FA) signatures of gilthead sea bream (Sparus aurata L.) by analyzing the changes in lipid class and FA composition of skeletal muscle, brain, liver, and mesenteric adipose tissue. Triplicate groups of fish were fed to visual satiety over a 14-mo production cycle with 2 practical plant protein-based diets formulated with either fish oil or a blend of vegetable oils (66% of fish oil replacement) to contain 53% CP and 21% crude fat on a DM basis. Growth rates (P = 0.22) and tissue lipid class composition were not altered by the dietary treatment (P = 0.34 and 0.52 for neutral lipids and phospholipids, respectively). The FA signatures of neutral lipids reflected the composition of the diet, although the output of principal components analysis revealed a divergent FA profile for liver compared with skeletal muscle, brain, and mesenteric adipose tissue. Because the theoretical EFA needs were met by the 2 diets, the FA composition of phospholipids remained almost unaltered in all tissues. Interestingly, however, the brain showed the greatest robustness and regulatory capacity to preserve the phenotype of fish fed fish oil-based diets. The FA signatures of total lipids are a combinatory result of neutral and polar lipids, and the most relevant fat storage tissues (mesenteric adipose tissue and skeletal muscle) were more easily influenced by dietary FA composition. The present study provides new insights into fish tissue FA composition and reinforces the use of FA signatures as useful criteria in determining whether EFA requirements for a wide range of physiological processes, including those of neural tissues, can be met with practical fish feeds.
INTRODUCTION
The use of fatty acids (FA) as biomarkers in river and marine ecosystems has received considerable attention in the last few decades (Sargent et al., 1988; Iverson et al., 1997; Kaushik et al., 2006; Stowasser et al., 2009 ). Most of these FA compounds are presented in all the available foods, but prey species usually differ in the relative proportions of FA, and the overall profile across several FA is termed the FA signature. Thus, although FA dynamics in the predator-prey process are complex and the composition of predator tissue will not exactly match that of the prey, certain FA patterns can be conservatively transferred through aquatic food webs in a predictable way (Iverson et al., 2004; Bergé and Barnathan, 2005; Thiemann, 2008) . This is more evident under controlled feeding conditions. The available literature in farmed fish collectively supports a close association between diet and fillet FA composition, as reviewed by Turchini et al. (2009) .
The gilthead sea bream, Sparus aurata L., is a highly cultured fish in the Mediterranean region. Most seasonal changes in muscle FA composition are overwritten under nonrestricted feeding conditions (Grigorakis et al., 2002; Benedito-Palos et al., 2008) , following a simple FA dilution model for fillet FA (Benedito-Pa-los et al., 2009 ). However, n-3 long-chain PUFA (LC-PUFA) are selectively incorporated into phospholipids (PL), and their muscle FA signatures show a high robustness when the theoretical FA requirements are met in the diet (Benedito-Palos et al., 2008) . Experimental evidence describing compensatory mechanisms (Benedito-Palos et al., 2007) , the kinetics of feed-borne contaminants , and complex adjustments of the antioxidant and hepatic-detoxifying system (Saera-Vila et al., 2009 ) with increased dietary content of vegetable oils (VO) already exists in the recent literature on gilthead sea bream. However, the tissue robustness of FA signatures still remains unresolved in fish fed limited amounts of EFA. The present study aimed to determine how conservative the tissue-specific FA signatures are by analyzing the changes in lipid class and FA composition of skeletal muscle, brain, liver, and mesenteric adipose tissue of gilthead sea bream fed plant protein-based diets with either fish oil (FO) or VO as the most important dietary oil source.
MATERIALS AND METHODS
All procedures were consistent with the national and institutional regulations (Consejo Superior de Investigaciones Científicas, Institute of Aquaculture Torre la Sal Review Board, Castellón, Spain) and the current European Union legislation on handling experimental animals.
Diets
Two practical plant protein-based diets (fish meal inclusion, 150 g/kg) with either VO or marine FO were formulated to contain 53% CP and 21% crude fat on a DM basis. Fish oil from the southern hemisphere was the lipid source in the FO diet, whereas a blend of VO (17:58:25 rapeseed oil:linseed oil:palm oil) replaced 66% of FO in the 66VO diet. The relative proportion of n-3 LC-PUFA, predominantly 20:5n-3 (eicosapentaenoic acid, EPA) and 22:6n-6 (docosahexaenoic acid, DHA), varied from 19.4% in the FO diet to 6.6% in the 66VO diet (Table 1) . Diets were manufactured using a twin-screw extruder Clextral, Firminy, France) at the INRA experimental research station in Donzacq (Landes, France), dried under hot air, sealed, and kept in airtight bags until use. Details on ingredients and proximate composition have been presented by Benedito-Palos et al. (2009) .
Growth Trial and Tissue Sampling
Juvenile gilthead sea bream of Atlantic origin (Ferme Marine de Douhet, Ile d'Oléron, France) were acclimated to laboratory conditions at the Institute of Aquaculture Torre de la Sal for 20 d before the beginning of the study. Fish of 18 g initial mean BW were distributed into 6 fiberglass tanks (3,000 L) in groups of 150 fish/ tank. Water flow was 20 L/min and the oxygen content of the outlet water remained greater than 5 mg/L. The growth study was undertaken over 14 mo (July 2006 to September 2007 , and day length and water temperature (10 to 27°C) varied over the course of the trial following natural changes at our latitude (40°5′ N; 0°10′ E).
Triplicate groups of fish were randomly allocated to each diet. Feed was offered by hand to apparent visual satiety twice a day (0900 and 1400 h; 6 to 7 d/wk) from July 2006 to September 2006, and once a day (1200 h, 4 to 6 d/wk) from October 2006 to September 2007. At regular intervals, fish were counted and group-weighed under moderate anesthesia (3-aminobenzoic acid ethyl ester, 100 μg/mL; MS 222, Sigma-Aldrich, Madrid, Spain). Feed intake and mortalities (total mortality, <2%) were recorded daily. At the end of the study, randomly selected fish (9 fish/treatment) were anesthetized and killed by cervical section before tissue sampling. Brain, liver, mesenteric fat, and fillet portions (Norwegian Quality Cut) without skin and bone were LC-PUFA = long-chain PUFA; calculated excluding 16-C and 18-C atom n-3 series.
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Calculated excluding 18-C atom n-6 series.
rapidly excised, frozen in liquid nitrogen, and stored at −80°C until lipid analysis.
Lipid Analyses
Lipids from target tissues were extracted by the method of Folch et al. (1957) , using chloroform:methanol (2:1) containing 0.01% butylated hydroxytoluene as antioxidant. Lipid content was determined gravimetrically (0.1 mg, Mettler Toledo, Barcelona, Spain), and total lipids (TL) were fractionated by TLC (Silica gel G 60, 20 × 20 cm glass plates; Merck, Darmstadt, Germany) using hexane:diethyl ether:acetic acid (85:15:1.5, vol/vol) as a solvent system. Phospholipid bands were scraped and extracted with chloroform:methanol (2:1, vol/vol) containing 0.01% butylated hydroxytoluene. Neutral lipids (NL) were scraped and extracted with hexane:diethyleter (1:1, vol/vol). After the addition of nonadecanoic FA (Sigma, Poole, Dorset, UK) as an internal standard, fractions of TL, NL, and PL were subjected to acid-catalyzed transmethylation for 16 h at 50°C using toluene (1 mL) and 1% (vol/vol) sulfuric acid in methanol (2 mL; Christie, 1982) . The FA methyl esters (FAME) were extracted with hexane:diethyl ether (1:1, vol/vol), and those derived from TL were purified by TLC using hexane:diethyl ether:acetic acid (85:15:1.5, vol/vol) as a solvent system. The FAME were then analyzed with a gas chromatograph (GC 8000 Series, Fisons Instruments, Rodano, Italy) equipped with a fused-silica 30 m × 0.25 mm open tubular column (film thickness: 0.25 μm; Tracer, TR-WAX, Teknokroma, Barcelona, Spain) and a cold on-column injection system. Helium was used as a carrier gas and temperature programming was from 50 to 180°C at 40°C/min and then to 220°C at 3°C/min. Peaks were recorded in a personal computer using a software package (Azur, Datalys, St Martin d'Heres, France). Individual FAME were identified by reference to well-characterized FO standards, and the relative amount of each FA was expressed as a percentage of the total amount of FA in the analyzed sample.
The analysis of lipid classes was performed by highperformance TLC using a one-dimensional double development as described by Olsen and Henderson (1989) . Briefly, TL were separated on high-performance TLC plates [10 × 10 cm, silica gel (200 μm), Merck] using methyl acetate:isopropanol:chloroform:methanol:0.25% aqueous potassium chloride (25:25:25:10:9, vol/vol) and hexane:diethyl ether:acetic acid (85:15:1.5, vol/vol) as developing solvent mixtures for PL and NL, respectively. The separated lipid classes were charred for 10 min at 160°C after spraying the plate with 3% (wt/vol) cupric acetate in 8% (vol/vol) phosphoric acid (Fewster et al., 1969) and were quantified by calibrated scanning densitometry (Bio-Rad, San Francisco, CA). The proportions of each lipid class were expressed as a percentage of the total lipid classes in the analyzed sample.
Statistical Analysis
Growth and biochemical variables were checked for normal distribution and homogeneity of variances, and, when necessary, arcsine transformation was performed. Data on PL and NL classes were compared by 2-way ANOVA (with diet and tissue as factors) at a significance level of 5%. Student's t-test was used to analyze the specific effects of dietary treatment on the FA composition of each particular tissue. Overall data on tissue FA composition were analyzed chemometrically by multivariate principal components analysis (PCA), with the score plots being used as a pattern recognition tool. Similarities between the FA profiles of tissue PL from the dietary treatments were studied using the D coefficient of distance (McIntire et al., 1969) ,
where
is the distance between treatments h and j, and Pih and Pij are the percentages of FA i in treatments h and j, for each i FA. All analyses were completed using the SPSS package (SPSS Inc., Chicago, IL).
RESULTS

Growth Performance
Growth performance data have been presented by Benedito-Palos et al. (2009) . Growth and feed efficiency were not affected (P = 0.22 and 0.33, respectively) by dietary treatments over the 14-mo production cycle (data not shown). Overall, fish grew from 18 g to 520 to 530 g, with a final feed efficiency (wet mass gain/dry feed intake) of 0.80 to 0.81. Hepato-somatic index (%, liver mass/fish mass) and mesenteric fat index (%, mesenteric fat mass/fish mass) remained unaltered, with average values of 1.2 to 1.4% and 1.5 to 1.6%, respectively (data not shown).
Tissue Lipid Content
The tissue rates of lipid deposition were not altered by the dietary treatment (skeletal muscle, P = 0.06; adipose tissue, P = 0.52; liver, P = 0.15; and brain P = 0.14; Table 2 ). Two-way ANOVA revealed that differences were due to tissue factors (P < 0.001), with the lipid class composition not being altered by dietary treatment (Σ NL, P = 0.34; Σ PL, P = 0.52). The NL were overrepresented in mesenteric fat and muscle, whereas increased amounts of PL were found in brain and liver tissues. 
FA Composition
The FA profile of NL is shown in Table 3 . Fish fed the FO diet showed increased proportions of n-3 LC-PUFA (P < 0.001 for all tissues) in combination with reduced amounts of 18:1n-9, 18:2n-6, and 18:3n-3 (P < 0.001 for all tissues) as compared with fish fed the 66VO diet. Within tissues, the greatest (P = 0.001) concentration of DHA was found in the brain. The liver shared the greatest (P < 0.001; for 4 FA: 16:0, 18:0, 22:0, and 18:1n-9) concentrations of SFA (16:0, 18:0, and 22:0) and 18:1n-9, whereas the muscle and mesenteric fat had an increased (P = 0.006) concentration of 18:2n-6. The PCA ( Figure 1A ) revealed that the first 2 components accounted for 80% of the total variation. Sixty-two percent of the variation was explained by component 1 itself, which separated the most characteristic marine FO (right quadrant) and VO (left quadrant). Thus, factor score plot 1 recognized 2 major groups on the basis of dietary treatment: tissues of fish fed the FO diet on the right vs. tissues of fish fed the 66VO diet on the left. The second factor score plot separated liver from the other tissues analyzed, which was more evident in the case of fish fed the FO diet ( Figure 1B) .
The FA profile of PL is shown in Table 4 . The influence of dietary regimen on FA profiles was less in PL than in NL, as evidenced by the paired Student's t-test. This was more apparent in brain tissue, where only 5 FA (18:2n-6, 18:3n-3, 20:0, 20:4n-6, and 20:5n-3) showed differences (P < 0.05) between treatments. When all data on PL FA profiles were analyzed by PCA, the 2 principal components accounted for 60% of the total variation, with 40% being explained by component 1 (Figure 2A ), leading to separate tissues with no potential grouping associated with dietary treatment in the factor score plot ( Figure 2B ). However, some tissues were more conservative than others, and the coefficient of distance D for a given tissue varied from 13.28 in muscle to 1.67 in brain. Intermediate values were found (P < 0.001) in mesenteric fat (9.27) and liver (7.33).
The FA composition of TL reflected the combined composition of NL and polar lipids (Table 5) . Again, the greatest (P < 0.001; for 2 FA: DHA and 24:1n-9) concentrations of DHA and 24:1n-9 were found in the brain, and the concentration of 18:0 was greater (P < 0.001) in the liver and brain than in other tissues. Liver showed the greatest (P < 0.001, P = 0.5, and P < 0.001; for 16:0, 20:0, and 18:1n-9, respectively) concentrations of SFA (16:0, 20:0) and 18:1n-9, whereas 18:2n-6 and 18:3n-3 were greater (P < 0.001 and P = 0.009 for 18:2n-6 and 18:3n-3, respectively) in mesenteric adipose tissue. The PCA, including data on FA composition of the 2 fish feeds, revealed that the first 2 components accounted for 56% of the total variation, with 40% of the variation being explained by component 1 ( Figure 3A) . Component 1 separated the most characteristic variables of marine FO vs. VO, located on the right and left quadrants, respectively. On this basis, 2 groups were clearly recognized in the first factor score plot: FO feed and tissues of fish fed the FO diet on the right vs. 66VO feed and tissues of fish fed the 66VO diet on the left. The second factor score plot separated liver and brain from muscle, mesenteric fat, and feeds ( Figure 3B ).
DISCUSSION
Fish meal usually contains 8 to 10% residual fat, which often includes 20 to 35% n-3 LC-PUFA (Bimbo, 2000; Bransden et al., 2003) . Hence, if as little as 350 g/ kg of fish meal is included in the diet, it will provide the general EFA requirements (EPA + DHA: 0.7 to 0.9% of DM) of most commonly farmed finfish, including those of marine fish with extremely limited capacities for the elongation and desaturation of C 18 PUFA into C 20 PUFA (Tocher and Ghioni, 1999; Sargent et al., 2002; Tocher, 2003) . However, in the absence of a noticeable capacity for EFA biosynthesis, the risk of a net deficiency is possible with a substantial replacement of the fish meal fraction along with a reduction in FO. For instance, the growth performance of the turbot Psetta maxima L. (Regost et al., 2003) , the red sea bream Diplodus puntazzo (Cetti; Piedecausa et al., 2007) , and the gilthead sea bream (Bouraoui et al., 2010) is not compromised by the complete replacement of FO with VO in fish meal-based diets. Nevertheless, the complete replacement of FO is not feasible with the inclusion of 150 g/kg of fish meal, and the threshold concentration without negative effects on growth is experimentally fixed at 66% for juvenile gilthead sea bream, which supplies approximately 0.9% of EPA + DHA (BeneditoPalos et al., 2007 (BeneditoPalos et al., , 2009 ). The robustness of muscle PL FA profiles is also a valuable criterion to assess the feasibility of this partial FO replacement in gilthead sea bream (Benedito-Palos et al., 2008) . In the present study, the conservative feature of PL was highlighted in all the tissues analyzed (muscle, brain, liver, and mesenteric fat) regardless of tissue-specific differences in FA composition. Moreover, given that DHA is strictly controlled in the brains of fish and higher vertebrates (Tocher and Harvie, 1988; Mourente et al., 1991; Furuita et al., 1998) , it is reasonable to assume that a wide range of neurally associated functions, including social behavior and visual functions, are preserved in gilthead sea bream with the maximized replacement of FO and fish meal. Fatty acid signatures in gilthead sea bream (Sitjà-Bobadilla et al., 2005) often induce lipoid liver diseases in gilthead sea bream. However, well-balanced plant protein mixtures, supplemented with soy lecithin, prevent the appearance of severe signs of hepatic diseases, even in the case of full FO replacement (Benedito-Palos et al., 2008) . This assumption was highlighted by a lack of changes in fat storage capacity and tissue lipid class composition. In the European sea bass Dicentrarchus labrax L. (Pagliarani et al., 1986) , the Atlantic cod Gadus morhua L. (Bell et al., 2006) , and the Atlantic salmon Salmo salar L. (Nanton et al., 2007) , shifts in lipid class composition have not been ascribed to changes in dietary oil sources. However, fat storage location differs within and between fish species (Tocher and Harvie, 1988; Stoknes et al., 2004; Bell et al., 2006) , and data currently available indicate that in 2-yr-old gilthead sea bream (300 to 500 g of body mass), approximately 50% of body fat depots are in the muscle tissue. Storage lipids are thereby abundant in the skeletal muscle of gilthead sea bream, and NL are overrepresented in muscle samples devoid of skin and bone, as shown here with 11% muscle lipid content on a wet weight basis. This increased lipid content would be indicative of increased intramuscular adipocyte infiltration because it has been documented by electronic microscopy in Atlantic salmon with a one-half muscle fat deposition ratio (Nanton et al., 2007) .
From our results, it is also conclusive that the central nervous system is rich in polar lipids. However, it must be noted that the lipid content in the brain tissue is greater than initially envisaged (39 to 44%, wet weight basis). Again, this fact is related to an increased content of lipids because the NL fraction represented more than 75% of TL regardless of diet. Increased amounts of triacylglycerols (TAG) in retina and neural tissues have also been observed in the rainbow trout Oncorhynchus mykiss (Walbaum; Tocher and Harvie, 1988) . Interestingly, interspecies differences in TAG abundance in these and other tissues also match the lean-and fattyfish classification well (Stoknes et al., 2004) .
The FA compositions of wild and farmed fishes have been analyzed in various tissues (primarily skeletal muscle and liver) of gilthead sea bream (Grigorakis et al., 2002; Ibarz et al., 2005; Izquierdo et al., 2005; Mnari et al., 2007; Fountoulaki et al., 2009 ) and closely related sparid fishes such as the black sea bream Acanthopagrus schlegeli (Bleeker; Peng et al., 2008) , the black sea bream Spondyliosoma cantharus L. (Rodríguez et al., 2004) , the white sea bream Diplodus sargus L. , and the red sea bream (Huang et al., 2007) . However, this is the first study to determine the FA signatures of skeletal muscle, brain, liver, and mesenteric adipose tissue in the same fish fed practical diets with an increased replacement of FO. It must be noted that the FA composition of NL reflected the composition of the diet regardless of the tissue. Fatty acid signatures in gilthead sea bream (Regost et al., 2003) , the pike perch Sander lucioperca L. (Schulz et al., 2005) , and other commonly farmed fish, as reviewed by Sargent et al. (2002) . A secondary source of variation can be specifically ascribed to the nature of tissue, as clearly evidenced by the outcome of the PCA. Indeed, liver appeared as an independent group in the upper quadrant of the NL factor score plot. This differential FA signature can be primarily attributed to 18:0, and 22:0) , which are indicative of the well-recognized lipogenic activity of liver in fish (Dias et al., 1998) . This metabolic feature is not a discriminatory factor for brain, skeletal muscle, and mesenteric adipose tissue, and factor score 2 grouped these nonlipogenic tissues together, especially in fish fed the FO diet. However, the presence of C 18 ) is limited in a broad sense in the marine environment, and their increased feed intake in fish fed the 66VO diet accounted for a tissue dietaryspecific phenotype that separated brain from adipose tissue and skeletal muscle.
The FA composition of the PL fraction is quite regulated and contributes to maintaining the structure and functional integrity of cell membranes (Henderson and Tocher, 1987; Sargent et al., 2002) . Therefore, it is not surprising that, in the present study, FA composition of PL was modestly affected by dietary regimen, although the coefficient of distance D indicated that tissues with increased content of n-3 LC-PUFA were also more conservative than others. Hence, brain tissue shared the greatest concentration of DHA and this tissue also displayed the greatest capacity to regulate it, preserving functionality with FO replacement. The exact mode of action of DHA-containing PL is not known, but it is possible that they exert their beneficial effects by regulating the blood-brain barrier, membrane fluidity, the activity of certain enzymes, ionic channels, and the nerve growth factor, as has been reported in mammals (Hussain and Roots, 1994; Vreugdenhil et al., 1996; Ikemoto et al., 2000) . This wide range of functions would explain the greater robustness of brain PL in comparison with other tissues. However, this notion is not supported by all studies in fish, and Pagliarani et al. (1986) reported in European sea bass that structural lipids of the brain and liver appear to be similarly sensitive to dietary input. This might be an artifactual result because the latter authors assumed that the FA profile of TL was equivalent in the brain to that of PL. Indeed, in a more recent study, Skalli et al. (2006) clearly showed that PL in neural tissues of European sea bass had the greatest regulation capacity to preserve DHA content in juveniles fed n-3 LC-PUFA-deficient diets. In salmonids, Atlantic cod, and flat fishes, DHA is also known to be present in elevated amounts in the brain (Kreps et al., 1969; Tocher and Harvie, 1988; Mourente et al., 1991) , but it remains to be established whether the influence of fish feeds based on VO is less in neural tissues than in the other ones.
Last, it must be highlighted that in gilthead sea bream, the FA composition of TL specifically reflects dietary inputs because of the relatively increased content of the TAG fraction in all the analyzed tissues. This was underlined by the outcome of the PCA, al- Fatty acid signatures in gilthead sea bream though a minor source of variation was supported by the second component according to the nature of the tissue. Accordingly, tissues with elevated TAG content (muscle and mesenteric adipose tissue) also showed a major influence from the diet, as reported elsewhere in humans and other animal models (Beynen et al., Figure 3 . Component plot (A) and factor score plot (B) of the principal components analysis for the fatty acid profile of total lipids in feeds (stars) and tissue samples from skeletal muscle (triangles), mesenteric adipose tissue (circles), liver (squares), and brain (diamonds) of fish fed diets formulated with either fish oil (FO) or a vegetable oil blend replacing 66% of fish oil (66VO). Solid symbols refer to the FO diet; open symbols refer to the 66VO diet. Tissue data values are represented in the factor score plot as mean ± SEM (n = 8).
